The construction of water transfer projects can have a considerable impact on the 4 operation of the receiving reservoir. This study investigates the change of the objective 5 tradeoffs in multi-objective reservoir operation problems due to the introduction of water 6 transfer using a case study of the East-to-West Water Transfer project in northeastern China. 
Introduction 24
Reservoirs play an important role in water resources management to meet various 25 demands such as water supply, hydropower generation and minimum ecological flow (Chang 26 and Chang 2009). With rapid economic development and urbanization, however, water 27 demand has increased substantially and thus outstripped supply in many regions worldwide. 28
To overcome water shortage, many inter-basin water transfer projects across national, 29 regional and local boundaries have been constructed in recent years (Sadegh et water transfer projects can potentially increase the resilience of water supply and reduce the 32 risk of water shortage (Jain et al. 2007) . 33
The amount of diverted water, which affects the scale of water transfer projects, is 34 determined mainly based on economic measures and water availability (demand). aiming to achieve the maximum total net benefit. However, the marginal benefit of water 38 transfer usually decreases with an increase of water transferred (Booker and Neill 2006; Draper and Lund 2004) . The efficiency of water transfer, i.e., the ratio of utilized water to the 40 total imported water, has not been considered explicitly in the decision making process. 41
Many-objective (i.e., greater than three objectives) analysis which allows the 42 consideration of a suite of objectives that represent concerns from different stakeholders has 43 been increasingly used in engineering fields as diverse as water supply risk management 44 (Kasprzyk et al. 2009 ; Hurford et al. 2014 ), groundwater monitoring network design (Kollat 45 et al. 2011), water distribution systems optimal design (Fu et al. 2013 ; Smith et al. 2015) . 46
These applications have illustrated that many-objective analysis can yield new design insights 47 and avoid the potentially highly negative consequences that could result from lower 48 dimensional formulations. 49
Reservoir operation with water transfers usually involve different stakeholders, thus it is 50 typically a complex decision-making problem (Oliveira and Loucks 1997; Watkins and 51
McKinney 1997). Previous studies have investigated reservoir operation problems using 52
Multi-objective Evolutionary algorithms, and analyzed the tradeoffs among different 53 objectives in water supply problems considering water transfer options. For example, Zeff et 54 al. (2014) analyzed objective tradeoffs in developing regional water supply portfolios for four 55 water utilities. However there are few attempts to consider the impacts of water transfer on 56 multi-objective reservoir operation problems. In particular, there is lack of understanding of 57 how the operation of the water transfer scheme (i.e., the amount of water transfer) will affect 58 In the Base Case, the Dahuofang Reservoir is operated according to water supply 122 operation rule curves, established at the planning stage to provide long-term operation 123 guidelines for reservoir managers to meet expected water demand. The reservoir operation 124 rule curve approach is widely applied in reservoir operation for their easy implementation in 125
China (Hsu et al. 2004 ; Liu et al. 2011; Guo et al. 2013; Li et al. 2015) . Although this 126 approach does not directly consider the economic value of each use in the operation process, 127 it does consider the priority of each use with the priority order reduced from the top to the 128 bottom. In this paper, the rule curves for industrial and agricultural water demand shown 129 schematically in Fig. 3 (a) are defined according to reservoir storage, that is, the dynamic 130 water storage of reservoir is taken as the single, influential factor for water supply. The active 131 water storage of reservoir is divided into three parts: zone 1, zone 2 and zone 3 by the two 132 water supply rule curves, both of which are used to decide if water demand is satisfied fully 133 or partly with different rationing factors. The industrial water rationing factor, 1 = 0.9, is 134 higher than the agricultural water rationing factor, 2 = 0.7 in this paper. In the Future Case, besides the same water supply policy, water transfer is operated 150 according to water transfer rule curves based on reservoir storage. The forms of water transfer 151 rule curves are shown schematically in Fig. 3(b) and one of the real optimal reservoir 152 operation rule curves is shown in Supplemental Materials. The active water storage of 153 reservoir is divided into three parts: zone I, zone II and zone III by upper and lower 154 water-transfer rule curves, as shown in Fig. 3(b) . The amount of water transferred depends on 155 where the initial reservoir storage lies at the beginning of a specified operation period: When 156 the water storage of reservoir lies in zone I, no water is transferred. When the water storage of 157 reservoir is in zone III, it diverts water with the diversion capacity of the pipes, that is the 
Objective functions 167
To analyze the objective tradeoff changes for investigating the impacts of water transfer 168 on water supply, we have to obtain the Pareto solutions of such a many-objective 169 optimization problem. The objectives investigated are minimizing industry water shortage, 170 minimizing agriculture water shortage, minimizing water spillage, maximizing ecological 171 satisfaction, and minimizing the amount of water transferred. There are tradeoffs among these 172 objectives. The limited water available makes it impossible to meet all the demands, i.e., 173 industrial, agricultural and ecological demands at the same time, and so they are in conflict 174 with each other. Reducing the amount of water spillage can increase the amount of water 175 supply. That is, there is a tradeoff between water spillage and total water supply. When 176 considering water transfer, the objective of minimizing the amount of water transferred is 177 obvious to reduce water transfer cost, which is contrary to transferring as much as water to 178 meet all water demands. Thus, the objective of minimizing the amount of water transfer is inconflict with minimizing the water shortages. 180
The shortage index (SI) proposed by the US Army Corps of Engineer (HEC 1975) 191 represents the lumped water supply shortage and reflects the severity of water shortage, and 192 could be adopted as an indicator to reflect water supply efficiency for water demand (Chang 193 et al. 2005) . In this study, industrial and agricultural water demands are considered, and Table  227 S1). 228
Reducing water spillage, which potentially increases the amount of water to meet the 229 demand, is a major objective for water supply reservoirs, so water spillage has been widely 230 used in reservoir operation to evaluate reservoir operation performance (Guo et al. 2012) . It is 231
where is water spillage, occurred during system operation over years; ( ) is 234 the water spillage during the th year. 235
Minimizing the amount of water transferred can reduce water transfer cost and 236 environmental impacts on the water source basin, so this indicator is needed in reservoir 237 operation related to water transfer. It is defined as: 238
where is the total amount of water imported, occurred during system operation over 240 years;
( ) is the sum of water imported during the th year. 241
The Base Case represents the prior construction situation, in which no water is imported 242 into the Dahuofang reservoir. In this case, the reservoir optimization problem is formulated as 243 a four-objective optimization problem that seeks to minimize industrial shortage index, 244 minimize agricultural shortage index, minimize water spillage, and maximize ecological 245 satisfaction. The four objective functions are described in Equations (2) transferred. The five objective functions are described using Equations (2), (3), (4), (6) and(7), respectively. 253
Constraints 254
For the reservoir operation system optimization problem, the constraints include: 255
where is the initial water storage at the beginning of period ; +1 is the ending water 259 storage at the end of period ; , , , and are inflow, water imported, 260 water supply, water spillage and evaporation loss, respectively; and max , min , 261 max are the maximum storage, minimum storage, and maximum water transfer capacity 262 in period t respectively. 263
Decision Variables 264
In the Base Case, the decision variables are water storage volumes at different time 265 periods on water supply operation rule curves for industrial and agricultural water demands. approximate set analyzed is generated across all ten random seed optimization runs. 299 Table 2 . Parameter values of the -NSGAII algorithm 300 
Visual Analytics 301
This paper used a visualization software, DecisionVis (https://www.decisionvis.com 302 /discover-ydv/), which is a fully interactive, multi-dimensional data visualization and analysis 303 tool that allows for visual exploration of the relationships between different objectives using 304
Pareto optimal solutions obtained. This tool is capable of taking extremely complex spaces of The first red curve has the widest range in the lower tail which means that INSI is most 398 sensitive to the variation of AGSI, that is, a small increase in AGSI could lead to a significant 399 reduction in INSI. The third curve, on the contrary, has a wide range in AGSI. The second 400 curve is reasonably balance across the two objectives. These revealed that with increment of 401 water transferred, the competition between INSI and AGSI objectives becomes less intense. 402
The tradeoff between AGSI and WSP 403 are tradeoffs. This is the same as it in the Base Case. Moreover, it is obvious that when water 421 transferred is less than 11×10 8 m 3 , the amount of water spillage is stable because most of 422 water is used for water supply with less water transferred. This illustrated the highest water 423 imported utilization efficiency considering water spillage. 424
The relationship between the WIM and other objectives 425
This section aims to determine the optimal amount of water transferred based on the 426 tradeoffs among the objectives. The impacts of imported water on different demands are very 427 different, so each demand corresponds to an efficient amount of diverted water, which will beexplicitly explored for decision-making. Interactive visual analytics helps decision makers to 429 understand where performance tradeoffs exist, their severity and shape, especially the 430 inflection points on the tradeoff curves, after which the trends and characteristics are changed. 431
Thus, a visualization analysis software, DecisionVis, is used to identify critical points, of 432 which the slope changes obviously. These points have diminishing return, beyond which it 433
becomes too costly to obtain extra benefits. These key points can represent the critical 434 solutions considering two-objective tradeoffs and could be the most concerned points for 435 decision makers. We quantify the amount of water transferred in these points. 436
In Fig. 7(a) , a clear tradeoff curve between imported water and industrial water shortage 437 index can be observed and the approximate Pareto front is highlighted with black squares. It 438 shows as water transferred increases, the industrial water shortage index decreases (benefit). 439
In addition, the cones are shown in colors to represent the ecological satisfaction objective. 440
Note that the cones in the Pareto approximate front have very different colors varying from 441 red to light blue, representing a significant variation in the ECOS objective. Considering the 442 tradeoff between the two objectives, we chose the point marked with S1, beyond which slope 443 almost does not decrease. This means beyond S1 it is too costly to further decrease the 444 industrial water shortage index, that is, too much diverted water is needed to diminish 445 industrial water shortage index. Then, S1 has an amount of diverted water of 11.0×10 8 m 3 . 446 imported, as revealed by Fig. 7(a) and Fig. 7(b) . Similarly, we chose a point marked with S2, 458 beyond which slope almost does not decrease, that is, too much diverted water is needed to 459 diminish agricultural water shortage index. The marked point which is the highest point on 460 the efficiency of water transfer for AGSI shows the amount of diverted water should be set to 461 around 14.0 × 10 8 m 3 , higher than 11.0 × 10 8 m 3 quantified based on the WIM-AGSI tradeoff 462
curve. The cause of higher water diverted is that industry water demand is more urgent than 463 agricultural water demand on reservoir operation, and water would be supplied for the 464 industry water demand primarily. Thus, more water transferred is needed for reducing INSI 465 firstly and then AGSI, which also can indicate the differences among the three red curves in 466 Fig. 5(b) . 467 seeks to obtain a higher benefit of water supply, it might lead to lowering efficiency in 494 imported water utilization. If the decision maker seeks to obtain a balance between a highbenefit of water supply and the cost, the amount of water transfer should be set at 496 14.0×10 8 m 3 . In this case, the decision maker can obtain low industrial and agricultural water 497 shortages or high ecological satisfaction with appropriately reducing industrial and 498 agricultural water supply through proper operations of water discharge, which suggests the 499 ECOS is affected by both water imported and reservoir operation. 500
Conclusions 501
This paper has analyzed the objective tradeoff changes to reveal the impacts of water 502 transfers on reservoir operation. Based on this, we provided an approach to determine the 503 optimal amount of diverted water with different water uses. This could provide more 504 informed decision making on the water transfer project. This approach was demonstrated 505 using the Dahuofang Reservoir and the EWWT project as a case study. Two optimization 506 cases were constructed to analyze the changes. The Base Case with no water imported into 507 reservoir was formulated as a four-objective optimization problem that seeks to minimize 508 industry and agriculture water shortages, minimize water spillage, and maximize ecological 509 satisfaction. The Future Case represents the post-construction situation, in which water is 510 imported, and an additional objective was used to minimize the amount of water transferred. 511
The results obtained demonstrate that the construction of the water transfer project has 512 led to the change of the tradeoffs between water supply objectives. It is shown that increasing 513 water transferred dramatically reduces the intensity of the competition between industrial and 514 agricultural water shortages, and changes the tradeoff relationships among the objectives, 515 water spillage, ecological satisfaction and agricultural shortage index. 516
The impacts of water transferred on each water supply are explored through the use of 517 visual analytics, and the amount of water imported with high efficiency regarding each 518 objective can be identified. Three solutions of orders of magnitude in diverted water have 519 been selected for informed decision making, the solution with low diverted water pursues the 520 efficiency of water diversion, the solution with high diverted water seeks to maximize the 521 benefit of water diversion in water supply of receiving reservoir, and the solution with 522 medium diverted water aims to achieve the best balance between efficiency and benefit. 523
The many-objective visual analytics approach provides a powerful tool for analyzing the 524 tradeoffs between water use objectives considered, and it can be used to support planning and 525 design in the water transfer project. Thus, this approach is suggested as one way forward to 526 address the challenges in the context of the optimal operation of water transfer projects, 527 particularly in revealing and balancing the tradeoffs between various design objectives. 528
However, the EWWT scheme and the Dahuofang reservoir represent a simple example and it 529 cannot fully represent the complexity of the real world water transfer projects. Future work 530 will investigate how water transfer is affected by future demand uncertainty, different 531 operation policies, and different problem formulations considering more or different 532 objectives. Besides, the many-objective visual analytics approach can be further improved 533 from the following two aspects. First, it is computationally expensive especially for complex, 534 
560

Statistics of ecological indicators 561
Decision variables 563
The decision variables are shown in Table S2 : periods (with ten days as a time period). Each of three rule curves, operation rule curve for 567 industrial water demand, lower water-transfer rule curve, and upper water-transfer rule curve 568 consists of 36 decision variables (from January to December), and the operation rule curve 569 for agricultural water demand consists of 15 decision variables (from the second 10 days of 570
April to the first 10 days of September). 571
Water demands dispatching ratios 572 
Pareto solutions of Future Case 574
The Pareto solutions of the Future Case can be seen in supplemental text named Pareto 575 solutions.txt. To make the optimal reservoir operation rule curves easy to be understood, we 576 chose one Pareto solution from the numerous solutions in the Future Case, shown in Figure  577 S2. The figure shows: (1) the operation rule curves are as flat as possible for practical 578 operability; (2) the points of reservoir operation rule curves are lower in wet periods to 579 restrict diversion and increase water supply as much as possible while higher in dry periods 580 for reasonability; (3) the points of operation rule curves for agricultural demand are higher 581 than that for industrial demand own to lower priority. 582 583 
